The measurement process allows the use of either state-of-the-art calibration equipment, which may be different from that used at the participant's laboratory, or a secondary standard set of beta sources described and specified in the International Standardization Organization (ISO) standard for beta dosimetry, ISO 6980 (1984). Participation in this program by all DOE laboratories maintaining radiological standards is both welcomed and encouraged. We hope that the publication of the present and future annual reports will serve to both identify and maximize the benefits of the program.
FOREWORO
The radiological calibration program is fundamental to radiation protection. The quality of a radiation protection program depends on maintaining standards for radiological calibration that are directly traceable to national standards and for which measurements of verification may be routinely and precisely performed. The U.S. Department of Energy (DOE) Intercomparison Program, developed by the DOE Office of Nuclear Safety, has a goal to improve accuracy and precision in the measurement of radiological standards. Performing the intercomparison measurements helps identify areas requiring further attention by the participating laboratories, and communication is increased among individuals responsible for maintaining radiological standards. To the individual participant, the intercomparison program provides the opportunity to gain in understanding particular irradiation sources and facilities and to test transfer techniques not usually available in the participant's laboratory.
The measurement process allows the use of either state-of-the-art calibration equipment, which may be different from that used at the participant's laboratory, or a secondary standard set of beta sources described and specified in the International Standardization Organization (ISO) standard for beta dosimetry, ISO 6980 (1984) .
Participation in this program by all DOE laboratories maintaining radio-
logical standards is both welcomed and encouraged. We hope that the publication of the present and future annual reports will serve to both identify and that allow DOE laboratories to assess and improve the accuracy of radiological calibration sources, 2) provide a database for recommending improvements in calibration techniques and units generally applicable to all DOE facilities, and 3) provide a forum addressing problems and potential problems related to radiological calibrations.
To meet the objectives, a program under the DOE Laboratory Accreditation Program (DOELAP), was initiated during FY 1986 to routinely compare radiological calibrations. The program is managed and operated by PNL. A set of intercomparison instruments was made available to DOE laboratories on a monthly basis, and one secondary beta source set was made available to DOE laboratories on a bimonthly basis. Participants in the program used the instruments to perform dose or exposure measurements on their calibration sources, or they used the beta source to irradiate the instruments that calibrate their standards. The results of the measurements were forwarded to PNL for tabulating and comparing to calibration values established by PNL for the various instruments and beta sources. Participation by the DOE laboratories was voluntary; submission of measurement results was also voluntary, even though strict confidentiality was maintained regarding the originator of the results.
To compare measurements from a wide variety of sources, four instruments were selected for inclusion in the instrument set. The four instruments and their respective uses are 1) a thin-walled ion chamber with build-up cap to measure the exposure rate from x-ray and gamma-ray sources, 2) a tissue equivalent ionization chamber to measure the absorbed dose rate from neutron sources, 3) a Geiger-Mueller (GM) counter to estimate the absorbed dose rate (a) PNL is operated for the U.S. Department of Energy by Battelle Memorial Institute under Contract DE-AC06-76RLO 1830.
for photons in mixed neutron/gamma fields, and 4) an extrapolation ionization chamber to measure the absorbed dose rate from beta sources.
In addition, a set of beta sources including a 2-mCi (74-HBq) 90Srf90y source, a 0.5-mCi (18.5-HBq) 204Tl source, and a 14.5-mCi (536.5-HBq) 147Pm source was provided. The set also included an irradiation jig and a shutter with a controller/timer. Instrument and source sets were scheduled for distribution to participants based on availability. There were two instrument sets, and scheduling was staggered such that one set was available each month. The source set was available on a bimonthly basis.
Participants performed the desired measurements and irradiations, and returned the sets and results to PNL. The instruments were operationally checked and sent to the next participant. The measurement results were compared to PNL values and reported to each participant. This annual report summarizes the operation, results, problems, and improvements in the program.
The DOE benefits from the operation of the program in many ways. Some of these benefits include:
• The accuracy and credibility of radiological calibration are improved by frequent measurement and intercomparison.
• Common problems of a general nature are identified, allowing a DOE-wide approach in solving problems related to radiological calibrations.
• A radiological calibration workshop is planned to be held once every 2 years. This provides a forum in which to address the impact of proposed regulations on calibrations, such as changes in the neutron quality factor and changes resulting from the impact of calibrations on regulations, e.g., the OOELAP performance results.
• The results and conclusions of this project directly support the DOELAP operational program and certain DOELAP research tasks.
This report presents the FY 1988 results of the radiological calibrations intercomparison program. The intercomparison operation is discussed, and the equipment is described, particularly the instrument set, the beta source set, and relevant calculations. Solutions to problems and improvements in the program are suggested, and conclusions are then introduced.
INTERCOMPARISON PROGRAM OPERATION
The intercomparison program makes the instrument sets and beta source set available to the greatest number of participants possible during the fiscal year. The operation of the program is described below in chronological sequence.
1. An invitation to participate in the intercomparison is sent annually to those people at DOE laboratories who are primarily involved in performing or managing radiological calibrations. The invitation contains a short history of the intercomparison and a participation request form.
2. When a participation request form is received from a participant, the requested instrument set or beta set is scheduled as specified irradiations, the set is returned to PNL so that its expected arrival occurs during the last week of the month after it was sent. Thus, the length of time a participant has the intercomparison set is always greater than 4 weeks. 
EQUIPMENT DESCRIPTION
The equipment used in the DOE Radiological Calibrations Intercomparison Program includes two complete sets of intercomparison instruments and one set of secondary standard beta sources. The components of each set are described in the following sections.
INSTRUMENT SET
The instruments used in the intercomparison were the same as those used for the pilot intercomparison program. These particular instruments were chosen for maximum flexibility of dose measurement from a variety of radiological sources, for their precision and stability, and for their simplicity of use and familiarity to the participants.
The specific pieces of equipment contained in each instrument set are listed in Table 1 . The intended purpose of each piece of equipment is also provided in Table 1 .
The chambers are calibrated using 137cs in the PNL calibration facility. The exposure rates of the 137cs source are traceable to the National Institute of Standards and Technology (NIST) by means of transfer standards (ionization chambers). The electrometer is calibrated using a picoampere source, which is traceable to NIST from the Hanford Engineering Development Laboratory Calibration Program. The instruments are shown in Figure 1 , and a description of each instrument is provided below.
Electrometer
The electrometer is a Keithley Model 614 multifunction meter(a) capable of measuring integral charge between 10-8 and 10-11 coulombs (C) and voltages between 10-4 and 20 volts (V). It can operate on 110 V(ac) or on its integral battery pack. The display is 4-1/2 digits.
The input/output connector is a triaxial connector. In addition, a triaxial-to-coaxial (triax-to-coax) adapter is provided, allowing the user to use low-noise coaxial signal cables for the ionization chambers. A 75-ft coaxial signal cable is also supplied in the instrument set. Figure 2 . The electrometer has been modified by the inclusion of a "run/hold" switch that "freezes" the display and allows timed measurements.
Thin-Walled Ionization Chamber for Photon Measurements
The ionization chamber chosen for photon measurements is a Capintec Model PM-3o.(a) The chamber is constructed of air equivalent conducting plastic and has an active volume of 28 caa3. The response of the instrument for measuring exposure is nearly independent of the energy of the incident photons from 20 keV to a few MeV. The useful dose range is approximately 100 mR/h to 10 R/min. A lucitee buildup cap is provided so the chamber can be used for high-energy photons (137Cs and 60Co). Without the buildup cap, the chamber may also be used to measure exposure rates from x-ray beams. The connector is a triaxial-BNC-type that connects to a shop-built cable splitter. The connections on the cable splitter are BNC for the signal and MHV for the high voltage. 
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Tissue Equivalent Ionization Chamber for Neutron Measurements
The ionization chamber chosen for neutron measurements is a Far West Technology (FWT)(a) Model IC-80 tissue equivalent ionization chamber (TEIC). The 80-cm3 spherical chamber is constructed of A-150 tissue equivalent plastic and is usually operated with ambient air as the fill gas, rather than tissue equivalent counting gas. The signal output connector is a BNCtype, and the high-voltage connector is an MHV-type. The chamber is operated using 300 V high voltage. The signal is directed to the electrometer by means of a low-noise coaxial signal cable and a coax-to-triax adapter. The instrument is used in conjunction with a GM counter for neutron measurements . The ionization chamber measures total kerma. The GM counter, because of its low sensitivity to neutrons, is used to measure the kerma from photons.
Geiger-Mueller Counter
The GM counter chosen to measure the photon contribution of kerma in a neutron field is an FWT model GM-2 energy-compensated GM counter.(a) The detector is a small, 0.48-cm-diameter GM tube with an active volume of 0.12 cm3. The fill gas is neon, quenched with a halogen-quenching agent. The tube wall is an iron chromium alloy. The detector housing is aluminum and includes an energy-flattening shield to eliminate the normal low-energy photon response characteristic. The photon energy response of the GM counter is •10% from 70 keV to 2 MeV. The signal output through a BNC-type connector is routed to a read-out device (scaler) through the coaxial signal cable. The counter is operated at +500 V. The scaler and high-voltage power supply for the GM counter were supplied as part of the intercomparison set.
Extrapolation Ionization Chamber for Beta Measurements
The chamber chosen for determining dose rates from beta sources is an FWT Model EIC-1 tissue equivalent plastic extrapolation ionization chamber.(b) The device is a parallel-plate-type ionization chamber with a continuously variable volume from approximately 0.1 to 1.4 cm3. The front entry window has a density thickness of 6.9 mg/cm2. The collecting electrode was modified by the manufacturer from a 1-cm to a 2-cm diameter to increase the sensitivity. The output is routed through a BNC connector to the electrometer using low-noise coaxial signal cable and a coax-to-triax adapter . The recommended high voltage is 50 V per revolution of the outer wall of the chamber (1 revolution= approximately 1-mm increase in gap).
Scaler/Ratemeter
The Bicron scaler/ratemeter(a) is a microprocessor-controlled, standalone counter with a seven-decade light-emitting diode (LED) display. This model features a crystal-controlled time base, preset time, and preset count modes, including integral count, count rate, and elapsed time. In addition, an internal high-voltage supply is capable of providing 0 to 2000 V for GM counters . The instrument can operate on 110 V(ac) (60 Hz) or on its integral battery supply.
The input/output connectors are both coaxial, with a BNC-type for the signal input and an MHV-type for the high-voltage output.
Battery High-Voltage Power Supply
The battery high-voltage power supply is a box containing a 300 V battery . A switch is included to select either "polarity" or an "off" position. A range switch allows selected voltages from 0 to 300 volts in discrete steps of 50 V. At the "zero" voltage setting, probe connectors have been installed to allow for a voltage check underload. The output connector is a coaxial MHV connector.
Charge Checker
Also included in the instrument set is an electronic test circuit for verifying the stability of the electrometer. A mercury battery is used to charge a polystyrene capacitor. Both of the components are stable and produce a charge that is also quite stable over time. This charge pulse monitors the stability of the electrometer's response .
Procedures
Operating procedures detailing the description and use of the instruments are included in each instrument set. The procedures are updated several times during the year to clarify and address specific characteristics (a) Bicron Corporation, Newbury, Ohio. of each measurement. Included in the procedures are graphic illustrations of the electrical connections for each instrument .
SECONDARY STANDARD BETA SOURCE SET
The secondary standard beta source set (referred to as the beta set in this report) consists of three beta-emitting sources and an irradiation apparatus, shown in Figure 3 . The set, Model BSS.1, was purchased fro. Amersham(a) and includes a 2-mCi (74-MBq) 90Srf90y source, a 0.5-mCi (18.5-MBq) 204Tl source, and a 14.5-mCi (536.5-MBq) 147Pm source. The sources are secured in a lead pig (for shipping) inside a Department of Transportation (DOT)-7A overpack. For irradiations, a source is removed from the pig using the supplied source handling tool and is secured in the irradiation jig. The shutter of the jig is controlled using a microprocessor-based controller/timer that is part of the set. Other equipment includes beam-flattening filters, reference-distance rods, a jig stand, and instructions for use. The same set is designed to follow the specifications for the series 1 source set of the International Standardization Organization (ISO) standard on beta dosimetry, ISO 6980 (ISO 1984).
The dose rates of the sources have been determined using a Physikal ischTechnische Bundesanstalt(b) (PTB)-type extrapolation ionization chamber calibrated using a similar beta secondary standard set at PNL, which was calibrated at the PTB and checked under the MQA program between PNL and the NIST. Reference dose rates are taken to be at a depth of 7 mg/cm2 and a distance of 30 em from the source for 90Srf90y and 204Tl. The dose rate from 147Pm is referenced to a depth of 7 mg/cm2 in tissue, at a distance of 20 em from the source. The dose rate is also normalized to standard temperature, pressure, and humidity to allow for differences in the delivered dose rate resulting from absorption of the beta particles by air (Pruitt 1985) . 
CALCULATIONS
Participants in the intercomparison program are requested to deliver a known exposure rate for x-ray and photon fields, or a known tissue absorbed dose rate for a beta field, or a known tissue neutron kerma rate for neutron fields. The associated signals are recorded on the supplied data sheets and reported back to PNL. The signals are then used to calculate the appropriate quantity, and ratios of the delivered quantity to the measured result are determined. Those ratios are reported back to the participant in a letter. The calculations used to determine dose and dose equivalent quantities from the measurements and beta source irradiations are given below.
Instruments
The signal-to-dose or dose equivalent calculations for the instrument measurements are described in this section.
The photon measurement results are determined by using the product of the measured charge, Q, the temperature/pressure correction, Ctp. the electrometer correction factor, Ce, and the calibration factor, c 1 . . Ru = the response of the GM counter from photons (rad • sec-!) N = the average pulse rate collected using the GM counter (pulses • sec-!) C =the GM calibration constant (rad • pulse-!). 
In order to calculate a neutron kerma rate to tissue, two assumptions are made about the GM counter. First, response of the GM counter is assumed independent of photon energy {e.g., the number of pulses per roentgen is equivalent for photons with different energies over a wide range of energies). The energy response of the counter quoted by the manufacturer is 1.00 • 0.10 for photons with energies between 0.07 and 2.0 MeV.
The second assumption is that the response of the GM counter to neutrons is negligible. Ongoing work at the PTB indicates that the neutron response (pulses per rad, tissue kerma) is less than 2% of the photon response for small commercially available GM tubes.
The neutron kerma rate in tissue is then calculated by:
= neutron kerma rate in tissue (rad • sec-1 ) where Dn (Sw,g>x = ionization chamber gas-to-wall kerma conversion factor for the secondary charged particles created by the neutron field (x=N) or by the calibration source (x=C)
average energy required to create an ion pair in the chamber ~as by secondary charged particles created by the neutron field (x=N) or by the calibration source (x=C) KN = neutron kerma factor ratio for ICRU muscle tissue relative to A-150 tissue equivalent (TE) plastic Kc = quotient of mass energy absorption coefficients for ICRU muscle tissue to A-150 TE plastic for the photons from the calibration source Awe = attenuation and scattering correction factor for the calibration source for the TE chamber of equilibrium wall thickness ICRU muscle tissue kerma-to-exposure conversion factor for the photons from the calibration source.
The parameters in the kerma calculation are dependent on the neutron energy spectrum of the neutron field and on the calibration source. Because 137cs is the calibration source, the following values have been adopted: Hubbell 1g82 Beta Sources
The delivered doses from the beta sources in the secondary standard beta source set are calculated according to 8ohm (1g86):
where 0 =the delivered dose in rad (Gy) Dr= the reference dose rate at 7 mg/cm 2 , the reference distance at the reference calibration date t = the irradiation time Kz = the exponential decay correction to the source strength the air density correction and pressure variations to the dose because of temperature KF = the air density correction to the dose because of humidity variations.
The values of Kz and KF currently adopted for the beta sources are contained in Table 2 . In addition, the delivered doses are corrected for variations in air density, KA, using the following algorithm from Pruitt (1g85):
where D =reference dose at 22 C (295 K) and 760 torr (101.3 kPa) Do= the delivered dose a,b =coefficients listed in Table 3 X = I -p/ Po p = air density during the irradiation Po = air density at the reference temperature and pressure. (b) RH is the relative humidity in percent. Six of the participating laboratories using instrument sets performed measurements. The other four participants encountered unforeseen problems with staffing and facility availability and were unable to complete the measurements. Both of the participants using the beta set performed irradiations.
However, beta set measurement data had not yet been received at the time of this printing.
The instruments were used to intercompare calibration fields associated with 137Cs, 6Dco, 239PuBe, 252cf, 90sr, and filtered x-ray sources.
The results of the photon measurements are summarized in Table 4 . The better than using the TEIC and GM, especially on 252Cf. A TEPC has been used at PNL achieving results of 1.02 for the measured kerma rate to the NIST computed kerma rate. 3) the volume of the small extrapolation chamber is too small to precisely measure the dose rates from low output sources.
The GM counters were modified for use with the Bicron scalers by removing the internal preamps from the bases of the counters. This modification was made because the scaler, which provided the high voltage as well, did not have the power to supply voltage to the preamplifier in the counter. The modified counters are susceptible to cable length and dead time corrections under this configuration, but the technique still works and did allow for the use of a compact, fully-contained system within the instrument set. The precision of measurements suffered from this modification, however, and the counters had to be calibrated at rates that matched the rates encountered in the neutron fields. To correct the problem, the preamps will be placed back in the GM counters and a separate high voltage supply and timer/counter will be used.
Electronic noise consists of spurious signals caused by small breaks in
the signal cables, irregularities in the ion chambers and stray fields that affect the collecting electrode and/or the collecting capacitor within the electrometer. Electronic noise is not usually a problem and is accounted for by using the two-polarity measurement technique. However, for low output sources, the electronic noise may be so large compared to the signal from radiation events in the detector that that signal may be masked by statistical deviations of the electronic noise. To improve the situation, signal cables within the instrument sets will be replaced twice during the year, or when kinks in the cables are visible. In addition, shorter cables will be supplied in the instrument sets to reduce the detector/cable capacitance. Finally, over the next few years, the Keithley 614 electrometers will be replaced with Keithley 35617 electrometers. The 35617 electrometer is a specially configured electrometer used for low-current dosimetry applications. It exhibits inherently less noise.
The small extrapolation chamber was used successfully to measure the dose from a high output 90sr source this year. However, the chamber is too small to measure the dose from a low output 204Tl source (or any low output source), without the use of heroic measures. It will be recommended that the small FWT extrapolation chambers be replaced with the larger PTW extrapolation chambers in the future.
The program was improved in two ways this year. Three DOE sites were visited this year and the intercomparison measurements were overseen by the intercomparison program manager. In addition, measurements of neutron sources were performed using the TEPC system.
The site visits were very important for establishing communication links between calibrations personnel in the DOE community. In addition, each of the calibration configurations was discussed with the responsible individuals and suggestions made to improve the accuracy and precision of calibration irradiations.
The TEPC system exhibited good agreement with the TEIC system when used on PuBe neutron sources. When used on 252Cf sources, the TEPC gave results that were much closer to the expected neutron dose equivalent rates. It will be recommended in the future to include a TEPC system as an additional instrument set to be available for those laboratories that have neutron calibration sources.
CONCLUSIONS
The program continues to benefit the DOE community by improving radiological calibrations. The intercomparison sets allow comparison of radiological calibration sources to NIST standards. Also, because the reference sources for calibrating the intercomparison instruments are the same as the DOELAP calibration sources, the calibrations are further linked to OOELAP and dosimeter calibrations.
The site visits are beneficial because PNL acts as a central contact for calibration problems and solutions from all the DOE sites. The solutions to calibration problems are disseminated through informal communications to those sites experiencing problems. 
